Introduction
============

Sulpiride, a selective antagonist of central dopamine receptors and used as an antipsychotic, is classified under class IV in the biopharmaceutical classification system. This means that sulpiride has poor aqueous solubility and limited intestinal permeability.[@b1-ijn-9-129] Consequently, high doses of the drug are needed to treat patients, resulting in problematic side effects, including sleeping disturbances, overstimulation, agitation, and mild extrapyramidal and cardiovascular effects.[@b2-ijn-9-129]

Solid lipid nanoparticles (SLN) have been attracting interest as a novel drug delivery carrier since their introduction by Müller et al for oral drug delivery in the mid 1990s.[@b3-ijn-9-129] These particles are mainly formed by cooling dispersions of melted lipids in aqueous surfactant solution. The most commonly used lipids include triglyceride esters of hydrogenated fatty acids such as tristearin, partial glycerides such as Imwitor®, and fatty acids such as stearic acid or hydrogenated palm oil (Dynasan® P60 or Softisan® 154).[@b4-ijn-9-129],[@b5-ijn-9-129] Emulsifiers are used to stabilize the lipid dispersion. Use of a combination of emulsifiers can increase their efficiency by preventing particle agglomeration.[@b4-ijn-9-129]

SLN can be utilized in a number of applications, including improved drug solubility,[@b6-ijn-9-129] controlled drug release, and drug targeting,[@b4-ijn-9-129],[@b7-ijn-9-129],[@b8-ijn-9-129] with better permeability through the blood-brain barrier, a reduction in the therapeutic dose, enhanced bioavailability,[@b9-ijn-9-129] and increased drug stability during long-term storage.[@b4-ijn-9-129],[@b8-ijn-9-129] SLN are amenable to both lyophilization and steam sterilization, so have fewer storage and drug leakage problems. SLN improve protein stability, prevent proteolytic degradation, and have been recommended for administration by a number of methods including the oral, parenteral, topical,[@b4-ijn-9-129],[@b7-ijn-9-129],[@b10-ijn-9-129] and pulmonary routes.[@b7-ijn-9-129],[@b10-ijn-9-129]

The adhesive properties of nanoparticles are reported to increase drug bioavailability and reduce or minimize erratic absorption.[@b11-ijn-9-129] Several mechanisms have been suggested to account for the absorption of nanoparticles through the intestinal mucosa, ie, through the Peyer's patches, intracellular uptake, or the paracellular pathway. The stability of SLN on contact with gastrointestinal fluids is a critical issue, because a particle size in the nano range maximizes the surface area available for enzymatic degradation.[@b12-ijn-9-129]

Dependence of the drug loading capacity on solubility of the drug in the lipid, the high burst release, and the relatively high water content of the dispersions (70%--99.9%) are considered shortcomings in the performance of SLN, so need improvement.[@b10-ijn-9-129],[@b13-ijn-9-129],[@b14-ijn-9-129] Approaches to overcome these limitations include the incorporation of small amounts of oils within the solid lipid to increase the number of imperfections in the crystal lattice of the lipid, thereby avoiding expulsion of the loaded drug onto the surface. Combinations of spatially different lipids may be used to provide more room for accommodation of guest molecules and thus improve the loading capacity.

The aim of this work was to enhance the intestinal permeability of sulpiride by its incorporation into an optimized SLN formulation with a small particle size and high drug entrapment efficiency.

Materials and methods
=====================

The lipids Dynasan® 118, Softisan® 154, and Imwitor® 900K were acquired from Sasol Germany GmbH (Witten, Germany). Stearic acid Tween 80, Span 80, and Poloxamer 188 were obtained from Sigma-Aldrich Chemical Company (St Louis, MO, USA). All other materials were of analytical grade and used as received.

Preparation of sulpiride-loaded SLN
-----------------------------------

Based on the ultrasonic melt-emulsification method certain weights of lipids were melted by heating at approximately 10°C above the lipid melting point. Certain weights of sulpiride were dissolved in the melted lipids. An aqueous solution of a 1% surfactant (Tween 80, Span 80, or Poloxamer 188) and 0.5% sodium dioxycholate, as a cosurfactant, was heated to the same temperature and then mixed with the melted phase, using probe sonication (Bandelin Sonopuls HD 220, Bandelin Electronics, Berlin, Germany) for 3 minutes at 40% voltage efficiency. The emulsion formed was then dispersed in chilled distilled water (containing 1% glucose as a cryoprotector) by stirring for 3 minutes using a magnetic stirrer. The SLN obtained were stabilized using a freeze dryer (Alpha 1--4 LD Plus, Martin Christ Gefriertrocknugsanlagen GmbH, Osterode am Harz, Germany) at −60°C for 3 days.[@b4-ijn-9-129],[@b10-ijn-9-129],[@b15-ijn-9-129] The composition of each SLN formulation is shown in [Table 1](#t1-ijn-9-129){ref-type="table"}.

The composition of the formulation was intentionally varied to enable investigation of the effect of the type of lipid used (F1, F2, F3, and F4), combination with stearic acid (F5, F6, and F7), type of surfactant used (F7, F8, and F9), and the drug-to-lipid ratio (F7, F10, and F11) on the properties of the prepared SLN.

Analytical method
-----------------

A simple validated high-pressure liquid chromatography (HPLC) method for analyzing sulpiride was employed applying minor modifications and utilizing a complete system from Jasco (Tokyo, Japan).[@b16-ijn-9-129] Metoclopramide was used as the internal standard. The HPLC system consisted of a 5 μm (4.6 × 100 mm) cyanopropyl column and a freshly prepared mobile phase consisting of 50% (5 mmol) phosphate buffer, 25% methanol, and 25% acetonitrile. The flow rate was adjusted to 1 mL per minute and the ultraviolet detector wave length was set at 232 nm. This method enabled determination of concentrations in the range of 0.1--20 μg/mL.

Evaluation of prepared SLN
--------------------------

### Measurement of particle size

The mean particle size and the polydispersity index of the size distribution for each SLN formulation were measured by photon correlation spectroscopy using a 90 Plus particle size analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). The SLN dispersions were subjected to a dilution of 1:1,000 using distilled water. The measurements were performed at 25°C at an angle of detection of 90°.

### Measurement of zeta potential

The zeta potential for samples from each formulation, diluted to the concentration of 1:1,000 lipid dispersion in distilled water, were determined using a 90 Plus particle size analyzer (Brookhaven Instruments Corporation).

### Measurement of drug entrapment efficiency and drug loading

Samples from each SLN formulation were centrifuged at 50,000 rpm and 4°C for 30 minutes using an Optima MAX-E ultracentrifuge (Beckman Coulter, Inc., Nyon, Switzerland). The amount of nonentrapped sulpiride in the supernatant obtained after centrifugation was determined using HPLC. The percent entrapment efficiency (%EE) and percent drug loading (%DL) were calculated according to Equations [\[1\]](#fd1-ijn-9-129){ref-type="disp-formula"} and [\[2\]](#fd2-ijn-9-129){ref-type="disp-formula"}, respectively, where W~total\ drug~ is the total amount used W~free\ drug~ is the free amount present in the aqueous phase of supernatant, and W~total\ lipid~ is the total amount of lipid used.
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### Differential scanning calorimetry

The thermal behavior of the freeze-dried SLN formulations and sulpiride powder was investigated by differential scanning calorimetry using a Shimadzu DSC-60 (Shimadzu Corporation, Tokyo, Japan). Samples of 4--7 mg were weighed and a heating rate of 10°C per minute in the range of 25°C--200°C was employed.

### Fourier transform infrared spectroscopy

The Fourier transform infrared spectrum for each formulation was compared with that of pure sulpiride and each type of lipid material used in the formulation. The method reported by Yassin et al[@b17-ijn-9-129] was used whereby Fourier transform infrared spectra were recorded on a Nicolet 380 FT-IR (Thermo Electron Corporation, Madison, WI, USA) and a potassium bromide disk technique was used. Small amounts of each sample were mixed with potassium bromide in a clean glass pestle and mortar. Compression was applied in order to obtain a disk. The baseline was corrected and the samples were scanned at a wave number ranging from 400 to 4,000 cm^−1^.

### Particle morphology

The morphologic characteristics of the selected SLN were examined under a scanning electron microscope (JSM-6360 LV, JEOL, Tokyo, Japan). The SLN samples were mounted on carbon tape and sputter-coated with a thin gold palladium layer under an argon atmosphere using a gold sputter module in a high-vacuum evaporator (JFC-1100 fine coat ion sputter; JEOL). The coated samples were then scanned and photomicrographs were taken at an acceleration voltage of 20 kV.

The morphologic characteristics of the selected SLN formulations were also investigated using an atomic force microscope (Nanosurf AG Inc, Liestal, Switzerland). The SLN were deposited on mica, and their shape, diameter, and size distribution were examined.

In vitro release profile study
------------------------------

Certain weights from each formulation equivalent to 1 mg of sulpiride were dispersed in 1 mL of medium and placed in dialysis tubing made of seamless regenerated cellulose with a typical molecular weight cutoff of 12,000--14,000 Da. The sealed bags were immersed in a beaker with 40 mL of phosphate buffer at pH 6.8. The beakers were covered with paraffin films and maintained in a shaking water bath (SW22, Julabo, Allentown, PA, USA) at 37°C and a speed of 80 rpm. Next, 1 mL aliquots were withdrawn from the medium at certain time intervals, replaced with an equal volume of fresh buffer, and preheated to 37°C in order to maintain a sink condition. The amount of drug released was determined using HPLC.

Intestinal permeability assessment
----------------------------------

The optimum SLN formulation was compared with the sulpiride dispersion using the everted sac technique. Studies were carried out using the intestines of healthy rats weighing 200--250 g. All of the rats were being used for the first time as experimental animals. Each rat was anesthetized with ether, and its abdomen was opened by a midline incision. The jejunum was rapidly removed and divided into segments, each about 5--7 cm in length. All rats were euthanized while still under anesthesia. The isolated segments of jejunum were immersed immediately in oxygenated Krebs solution (pH 6.5). The composition of the Krebs solution was 7 g/L sodium chloride, 0.34 g/L potassium chloride, 1.8 g/L glucose, 0.251 g/L disodium hydrogen phosphate, 0.207 g/L sodium dihydrogen phosphate, and 46.8 mg/L magnesium chloride.[@b18-ijn-9-129] Tween 80 1% was added to help enhance the wettability of the SLN, simulating the action of bile salts present in the biological intestinal medium.[@b19-ijn-9-129] Each segment was tied on one side with a braided silk suture, and 0.5 mL of the same medium containing a dispersed amount of sulpiride equivalent to 200 μg of the tested formulation was inserted using a 1 mL syringe.[@b20-ijn-9-129] Each segment was then tied on the other side. All sealing ligatures were firm enough to prevent leaking but not so tight as to cause damage to the tissue. Each segment was immersed in a 10 mL incubation flask (or tube) containing Krebs solution at 37°C. Aliquots of 1 mL were withdrawn at certain time intervals and replaced with an equal fresh preheated aliquot at 37°C.[@b18-ijn-9-129],[@b21-ijn-9-129] Samples were collected from the surrounding medium at 0.5, 1, 1.5, and 2 hours. The amount of drug transported through the intestinal segments was determined using HPLC. The apparent permeability was then calculated based on the following equation:[@b21-ijn-9-129]
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To calculate the mucosal surface area, the intestine was considered a cylinder and the following equation was used:
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Preparation of the everted sac
------------------------------

Each segment was washed with cold Krebs solution to remove any debris. A narrow glass rod was inserted into one end of the intestine. The sac was then everted by gently pushing the rod through the whole length of the intestine. The glass rod was then removed and the intestine was placed in Krebs solution at room temperature. A few centimeters of length of the intestine was tied off with a thread and an open sac was cut from the main length. The test preparation was introduced as described earlier, and the other end was firmly tied with a thread.[@b18-ijn-9-129],[@b21-ijn-9-129]

Statistical analysis
--------------------

The difference between obtained values (mean ± standard error of the mean) for the prepared formulations was determined using one-way analysis of variance with a Tukey-Kramer post hoc test, with the paired *t*-test used to determine a difference between any two formulations. A statistical software pack (GraphPad InStat version 3.05, GraphPad Software, San Diego, CA, USA) was used. A *P*-value less than 0.05 was deemed to indicate a statistically significant difference.

Results
=======

Particle size and zeta potential
--------------------------------

The mean particle size, zeta potential, %EE, and %DL for all the prepared formulations are shown in [Table 2](#t2-ijn-9-129){ref-type="table"}. The polydispersity index measures the width of the particle dispersion, providing information on the homogeneity of the particle size distribution of the system. The literature reports that polydispersity indices less than 0.3 are considered ideal and are referred to as indicating a narrow size distribution,[@b22-ijn-9-129],[@b23-ijn-9-129] whereas polydispersity values less than 0.1 are referred to as monodispersed.[@b24-ijn-9-129] Therefore, according to [Table 2](#t2-ijn-9-129){ref-type="table"}, all the formulations had a narrow size dispersion. Formulations F2--F8 had a polydispersity index of only 0.005, indicating a very narrow distribution and clear monodispersion. [Figures 1](#f1-ijn-9-129){ref-type="fig"}--[3](#f3-ijn-9-129){ref-type="fig"} show a comparison of the mean particle size, polydispersity index, and zeta potential for all the prepared formulations. The particle size of the prepared SLN ranged from 147.8 nm to 298.8 nm, depending on the lipid type, surfactant type, and drug-to-lipid ratio. F4 containing Dynasan 118 had the lowest mean particle size (147±17.7 nm), whereas the largest mean particle size was seen with F1 (241.3±4.1 nm). The type of lipid used also had a significant (*P*\<0.05) effect on the zeta potential (−33.86 mV in F1, −25.45 mV in F2, −2.21 mV in F3, and −2.84 mV in F4), using one-way analysis of variance. However, no statistically significant difference (*P*\>0.05) was found between F3 and F4 using the paired *t*-test. A combination of lipids and stearic acid, ie, F5, F6, and F7, increased the particle size of all three formulations. In addition, the zeta potential was increased to the range of the upper 30s (−35.91 mV to −38.35 mV) for these formulations.

Changing the type of surfactant in formulations F7, F8, and F9 did not have a significant effect (*P*\>0.05) on particle size, but a significant change (*P*\<0.05) was seen for the zeta potential using one-way analysis of variance. The particle size changed slightly from 256.1 nm in F7 to 273.9 nm in F8 and to 241.9 nm in F9. The zeta potential increased in F8 (−62.0 mV) and F9 (−82.5 mV) when compared with F7 (−36.81 mV). The effect of the drug-to-lipid ratio is seen when comparing F11 (1:3), F10 (1:6), and F7 (1:9). No significant increase (*P*\>0.05) in particle size was seen (222.7 nm in F10 and 220.5 nm in F11) compared with F7 using one-way analysis of variance. However, the zeta potential increased for F11 (−62.3 mV), which had the lowest drug-to-lipid ratio (1:3).

Drug entrapment efficiency and drug loading
-------------------------------------------

The type of lipid used had a significant effect (*P*\<0.05) on the %EE and %DL using one-way analysis of variance. F2 containing stearic acid alone had the highest %EE (80.83%) and %DL (8.24%). All of the other three formulations containing a single lipid component showed a low %EE and %DL. Combination of lipids and stearic acid (formulations F5, F6, and F7) resulted in a significant increase (*P*\<0.05) in %EE and %DL. The %DL increased in parallel with the %EE when lipids were combined with stearic acid. The %DL values were 1.96%, 3.02%, and 2.26% for formulations containing single lipids, ie, F1, F3, and F4, respectively, and increased to 7.48%, 8.39%, and 9.13%, respectively, for formulations containing a combination of lipids and stearic acid (F5, F6, and F7). The %EE and %DL were also significantly affected (*P*\<0.05) by the type of surfactant used, because the %EE and %DL were reduced to 15.41% (%EE) and 1.68% (%DL) for F8 (containing Poloxamer 188), whereas it was slightly reduced in the case of Span 80 (F9), with values of 63.81% (%EE) and 6.62% (%DL). The effect of the drug-to-lipid ratio can be demonstrated by comparing F11 (1:3), F10 (1:6), and F7 (1:9). No changes were seen in %EE (90.39% in F7, 87.83% in F10, and 92.78% in F11). However, the %DL was markedly increased (*P*\<0.05), with a reduction in lipid content (9.13% in F7, 12.77% in F10, and 23.62% in F11), which was expected.

Differential scanning calorimetry
---------------------------------

A comparison of the thermal behavior of the pure drug, Imwitor 900K, Softisan 154, and Dynasan 118 with the thermograms for the different lyophilized SLN formulations was performed using a heat range of 25°C--200°C. The thermograms are shown in [Figure 4](#f4-ijn-9-129){ref-type="fig"}. A sharp melting endotherm was seen with pure sulpiride at approximately 180.62°C, which is in agreement with the British Pharmacopeia.[@b25-ijn-9-129] It is reported in the literature that differential scanning calorimetric analysis showing an absence of the melting endotherm of a drug after incorporation into SLN would indicate that the drug was completely solubilized inside the lipid matrix of the SLN and that it was converted to the amorphous form.[@b26-ijn-9-129] The peak disappeared in all formulations, indicating possible transformation of the drug to the amorphous form. Thermograms for the pure lipids, ie, Imwitor 900K, stearic acid Softisan 154, and Dynasan 118, showed a characteristic sharp peak at 64.69°C±0.42°C, 71.59°C±0.65°C, 55.03°C±0.33°C, and 73.19°C±0.50°C, respectively. Such peaks appeared in all thermograms for the SLN formulations containing lipids, thereby confirming the solid crystalline state of these lipids inside the prepared formulations.

Fourier transform infrared spectroscopy
---------------------------------------

The Fourier transform infrared spectra for sulpiride showed absorption bands with characteristic peaks in the regions of 3,385, 3,213, and 3,082 cm^−1^, corresponding to the N--H of sulfonamide, amide, and aromatic groups, respectively. The bands at 2,968--2,821 cm^−1^ represented the C--H of the methylene and methyl groups. The band at 1,643 cm^−1^ was for the C=O of the amide group. Skeletal stretching of the benzene ring was seen at 1,592 cm^−1^. The absorption bands at 1,547, 1,334, and 827 cm^−1^ were assigned to N--H, SO~2~ and C--H, respectively. The C--O of the methoxy group was seen at 1,172 and 1,150 cm^−1^. Similar results were reported by Peitre et al and Mohammed et al.[@b27-ijn-9-129],[@b28-ijn-9-129]

It has been reported that disappearance of the characteristic absorption bands for a drug after incorporation into lipids indicates that the drug has transferred to the amorphous state.[@b16-ijn-9-129] As shown in [Figure 5](#f5-ijn-9-129){ref-type="fig"}, the spectra for all the study formulations showed significant changes in the absorption bands for sulpiride, which diminished significantly in the fingerprint region of the drug. This shows that the drug changed to an amorphous state after it had been encapsulated in the lipid.[@b29-ijn-9-129] These changes could be related to those observed by differential scanning calorimetry. The disappearance of the absorption bands for the lipids in F10 and F11 could be attributed to the smaller amounts of lipids used in these formulations.

Particle morphology
-------------------

The scanning electron microscopic images of SLN from the F2 and F7 formulations are shown in [Figure 6](#f6-ijn-9-129){ref-type="fig"}. It is obvious from all the images that the sulpiride-loaded SLN had a spherical and oval shape with the presence of some aggregates. The images for F7 in [Figure 6C](#f6-ijn-9-129){ref-type="fig"} and [D](#f6-ijn-9-129){ref-type="fig"} show a larger fraction of particles with smaller sizes. Generally, the particle sizes appeared in the same range as that determined by the light scattering technique.

[Figure 7](#f7-ijn-9-129){ref-type="fig"} shows atomic force microscopic images for the SLN particles in F2 deposited on mica. The quality of the images is better than for the scanning electron microscopic images, and enables better investigation of the particle morphology. Some of the particles appeared to be spherical in shape and some had irregular surfaces. The size distribution appeared to be variable, with the majority of particles in the size range of 150--160 nm and a second particle population in the range of 50--60 nm. The line profile passing through three particles with variable size showed that the particle height was in the range of 7--16 nm and proportional to size, thus confirming the spherical nature of the particles.

In vitro release
----------------

A comparison of the release profiles for formulations F1, F2, F3, and F4, containing four different lipids, ie, Imwitor 900K, stearic acid, Softisan 154, and Dynasan 118, respectively, is shown in [Figure 8](#f8-ijn-9-129){ref-type="fig"}. Except for F4, all the formulations show a high burst release, within the first half hour, with cumulative percent release values of 33.35%±1.52%, 60.02%±1.55%, and 45.79%±3.12% for F1, F2, and F3, respectively. F2, which contained stearic acid, showed the strongest burst effect and the most rapid release rate, with almost 60% of its sulpiride released within the first half hour. On the other hand F4, which contained Dynasan 118, showed a slow release profile, with a low burst of about 19.61%±4.18% within the first half hour.

This may be attributed to the rapid dissolution of the sulpiride molecules present in the surface layer of the particles, which was greater in F2 and lower in F4. This supports the idea that lipids containing triglycerides with long chains (such as Dynasan 118 in formula F4) transform more slowly than do triglycerides with short chains (such as Imwitor 900K in F1, stearic acid in F2, and Softisan 154 in F3), from the less stable form (α-form) to the more stable form (β-form), resulting in drug expulsion as it becomes more stable.[@b30-ijn-9-129] This resulted in a prolonged release profile for F4 and a faster release profile in formulations having shorter chains (F1, F2, and F3). The biphasic drug-release pattern, with a high burst effect followed by a slow release profile, is very common in SLN and has been reported elsewhere.[@b31-ijn-9-129],[@b32-ijn-9-129]

Another comparison of the release profile for formulations F5 (containing a mixture of stearic acid with Imwitor 900K), F6 (containing a mixture of stearic acid with Softisan 154), and F7 (containing a mixture of stearic acid with Dynasan 118) is shown in [Figure 9](#f9-ijn-9-129){ref-type="fig"}. A burst effect with values around 71.75%±1.18%, 51.78%±3.23%, and 13.11%±0.62% is seen within the first half hour in formulations F5, F6, and F7, respectively. Formula F2, containing stearic acid, had a %EE of 80.83% and a burst effect of about 60.02%±1.55%, whereas formula F4 containing Dynasan 118 had a %EE of 20.78% and a burst effect of about 19.61%±4.18%. A 1:1 combination of these lipids (F7), having the benefits of both lipids, resulted in a higher %EE of about 90.39% and a decrease in burst effect of about 13.11%±0.62%. An increased %EE was also observed in other formulations containing mixtures with stearic acid, but with higher burst effects (71.75% in F5 and 51.78% in F6 compared with 33.35% in F1 and 45.79% in F3, respectively). These results show that F7 (containing Dynasan 118) enabled better embedding of the drug inside the lipid layers, resulting in a lower burst effect compared with F5 and F6.

In an attempt to optimize the F7 formulation, the type of surfactant was changed. Poloxamer 188 and Span 80 were used instead of Tween 80 in formulations F8 and F9, respectively. This is shown in [Figure 10](#f10-ijn-9-129){ref-type="fig"}. A burst effect with values around 28.47%±0.68% and 13.92%±8.63% is seen in formulations F8 and F9, respectively. F8 showed a greater burst effect than F7, whereas similar bursts were seen in F7 and F9. However, the amount of release in F9 was higher than in F7 after one hour. In general, changing the surfactant from Tween 80 to Poloxamer 188 or Span 80 neither decreased the burst effect nor enhanced the %EE.

Different drug-to-lipid ratios were used in formulations F10 and F11 and were compared with the F7 formulation. F7 had a drug-to-lipid ratio of 1:9, whereas the F10 and F11 formulations had ratios of 1:6 and 1:3, respectively, and are shown in [Figure 11](#f11-ijn-9-129){ref-type="fig"}. Burst effects of 44.10%±2.61% and 29.45%±2.12% were seen in formulations F10 and F11, respectively. Statistical analysis by one-way analysis of variance showed that there was a significant difference (*P*\<0.05) in the cumulative percentage released from F7, F10, and F11. This may be attributed to the large change in the drug-to-lipid ratio between F7 and F10 and between F7 and F11, which was smaller when comparing F10 with F11. The percentage sulpiride release after 48 hours was less than 60% in formulation F10 and less than 50% in formulation F11. F10 and F11 showed a greater burst effect compared with F7. It was observed that decreasing the lipid ratio in formulation F10 resulted in a decrease in the total amount of sulpiride released to about 56.86%±1.35%. A further decrease in the amount of lipid in formulation F11 resulted in a greater decrease in the total amount of sulpiride to about 44.54%±1.71%. In general, a decrease in the amount of lipid and an increase in the amount of drug in these formulations resulted in a decrease in the total percentage of sulpiride released over a 48-hour test period.

Intestinal permeability assessment
----------------------------------

The apparent permeability of sulpiride transported from the sulpiride dispersion and formulation F7 using the everted sac technique is shown in [Figure 12](#f12-ijn-9-129){ref-type="fig"}. In the noneverted control samples, the permeability was gradually increased with time from 1.610±0.076 μg/cm^2^ until it reached a value of 3.878±0.109 μg/cm^2^ after 2 hours. The same pattern was seen for the everted sacs, but the magnitude was higher, reaching a value of 6.609±0.947 μg/cm^2^ after 2 hours. The permeability of sulpiride from F7 was greatly enhanced compared with the control in both noneverted and everted states, reaching values of 7.691±0.159 μg/cm^2^ and 11.661±1.04 μg/cm^2^, respectively, after 2 hours. The reduction in permeability in the case of the noneverted sac compared with the everted sac is attributed to the expected efflux of sulpiride, which is a known P-glycoprotein substrate.[@b1-ijn-9-129],[@b33-ijn-9-129] Comparing F7 with the control (noneverted F7 with the noneverted control, and everted F7 with the everted control), the permeability was almost doubled and showed a significant difference (*P*\<0.05) in both states.

This means that incorporation of sulpiride into SLN resulted in enhanced permeability of sulpiride. This can be possibly attributed to the marked decrease in particle size and enhancement of surface area leading to a higher rate of drug dissolution and diffusion. In addition, the SLN can diffuse through the mucous layer and release the drug directly on the surface of the cell membrane. The higher permeability obtained with F7 in the everted sacs suggests that altering the P-glycoprotein efflux of sulpiride may not occur or may not be the key parameter.

[Figures 13](#f13-ijn-9-129){ref-type="fig"} and [14](#f14-ijn-9-129){ref-type="fig"} show the correlation between the first 2 hours of in vitro release data and the cumulative percentage transported through the noneverted and everted rat intestinal sac. A very high correlation was noticed in the case of the noneverted sac, and is shown by a regression factor of *R*=0.999. In the case of the everted sac, the correlation was also good, with *R*=0.94.

Discussion
==========

The ultrasonic melt-emulsification method adopted in this work has a number of advantages, including simplicity, promptness, and minimum stress conditions. This method enabled the production of SLN with a low particle size ranging from 150 nm to 300 nm, depending mainly on the type of lipid used, and the most interesting features are the very narrow particle size distribution and low polydispersity values. This is in contrast with the work of other researchers claiming problems with poor polydispersity for both the ultrasonic and high shear methods.[@b4-ijn-9-129],[@b34-ijn-9-129],[@b35-ijn-9-129] Bhaskar et al[@b35-ijn-9-129] prepared flurbiprofen-loaded SLN by applying high shear (12,000 rpm) for 3 minutes followed by 15 minutes of probe sonication. However, the SLN that they prepared had polydispersity values of 0.3--0.5 and a particle size in the range of 250 nm--350 nm.

Another interesting issue regarding the SLN formulations in this work is the use of a low surfactant-to-lipid ratio, ie, around 0.15--1, without affecting the reproducibility of the method. This is considered a very low ratio compared with many reports in the literature.[@b36-ijn-9-129] Triplett and Rathman[@b36-ijn-9-129] optimized the ratio of total surfactant to lipids at almost 1.5--1.75 to 1, giving SLN with a particle size in the range of 180--500 nm.

Zeta potential measurements indicated that all the formulations were stable, except for F3 and F4. Usually, a value of −25 mV indicates that a sample is stable, whereas a value of −15 mV indicates the start of gelation phenomena. Muller et al reported similar values for the stability of parenteral fat emulsions.[@b37-ijn-9-129] Anionic surfactants such as sodium deoxycholate were incorporated to help reduce the interfacial tension and to enhance particle stability by providing negative surface charges with high zeta potential values, consequently enhancing SLN stability and reducing particle aggregation. This was based on the recommendation made by Fillery-Travis et al which has been confirmed by a number of studies.[@b38-ijn-9-129]--[@b40-ijn-9-129]

Both differential scanning calorimetry and Fourier transform infrared spectroscopy indicated a possible transformation of the drug to the amorphous form. This assumption is based on several reports indicating that the absence of the melting endotherm of the drug in differential scanning calorimetry and disappearance of the absorption bands for the drug on Fourier transform infrared spectroscopy, after incorporation or encapsulation in lipid material, indicates that the drug was transformed to the amorphous state.[@b17-ijn-9-129],[@b26-ijn-9-129],[@b29-ijn-9-129]

Both scanning electron microscopy and atomic force microscopy were utilized for examining the shapes of the particles. The atomic force microscopic images showed better resolution even at a high magnification power; in addition, the topography of the particles, including particle height, could be determined. This is in agreement with what was reported by Mukherjee et al,[@b41-ijn-9-129] who mentioned that ultrahigh resolution and the ability to map a sample according to its properties make atomic force microscopy a valuable tool.

The role of Tween 80 appeared to be vital in attaining a high %EE and %DL, given that replacement with Poloxamer 188 or Span 80 resulted in a reduction in %EE and %DL for the prepared SLN formulations. This is in agreement with reports by Abdelbary et al and Kumar et al.[@b42-ijn-9-129],[@b43-ijn-9-129] The higher %EE and %DL found in formulations containing stearic acid either alone or in combination with other lipid material is obvious, and can be explained by the higher solubility of sulpiride in acids.[@b2-ijn-9-129],[@b44-ijn-9-129] This was confirmed by the rapid dissolution of sulpiride in melted stearic acid during the preparation of SLN. Except for stearic acid, all the other lipids used do not have a free carboxylic group, so all formulations had relatively high %EE values except for F1, F3, and F4, which were free of stearic acid. This is in agreement with reports published by other researchers.[@b45-ijn-9-129],[@b46-ijn-9-129]

The biphasic mode of release exhibited by all formulations is common to SLN and reported in many publications.[@b17-ijn-9-129],[@b47-ijn-9-129]--[@b49-ijn-9-129] Zur Mühlen et al[@b50-ijn-9-129] discussed the possibility that during solidification of SLN, two layers are formed, ie, an inner core of lipid crystals containing a small amount of drug and an outer shell containing a high amount of drug in the form of a solid solution. Thus, a lack of homogeneity in drug concentration in the layers of SLN, with a drug-rich outer layer, might explain the biphasic mode of release and the relatively high burst release seen with most of the SLN formulations. The degree of the burst effect varies according to the ability of the lipid material to incorporate drug molecules within its crystal lattice. The release profile for sulpiride showed a minimum burst effect with F4 and F7 (both containing glyceryl tristearate, Dynasan 118), suggesting that triglycerides with a single fatty acid and longer chains enable better embedding of the drug inside the lipid layers. This is because triglycerides with long chains are transformed more slowly than are triglycerides with short chains from the less stable form (α-form) to the more stable form (β-form).[@b30-ijn-9-129] The counterfactual mode of release seen with F10 and F11 compared with F7, containing a high sulpiride-to-lipid ratio, strongly supports the hypothesis of Zur Mühlen et al[@b50-ijn-9-129] because the increase in drug-to-lipid ratio resulted in increased burst release and a smaller amount of the drug being released within the 48 hours of the test. This means that as the drug ratio increases, more drug goes to the outer shell layer, causing a greater burst effect, and more drug goes to the inner core, which may take longer to be released (more than the time course of our study), as shown by Zur Mühlen and Mehnert.[@b51-ijn-9-129] These authors reported on 7 weeks of in vitro release of prednisolone from SLN made from different lipids, ie, glycerol behenat and cholesterol. In general, F10 and F11 could be useful when a longer duration is intended with delivery via other routes, such as parenteral, pulmonary, transdermal, and implantation. However, further studies are needed to investigate the release patterns for these formulations over extended periods.

Chitneni et al reported that sulpiride was reasonably stable in Krebs-Ringer buffer solutions throughout the duration of their experiment (2 hours).[@b1-ijn-9-129] Meanwhile, Kohri et al[@b20-ijn-9-129] reported that the aqueous solubility of sulpiride was 800 μg/mL, so a lower concentration of sulpiride (200 μg/0.5 mL) was used in their intestinal permeability studies. This low concentration ensured the maintenance of a sink condition throughout the duration of the study. This is similar to what was used in the study reported by Chitneni et al,[@b1-ijn-9-129] in which 400 μg/mL of sulpiride was used to test the intestinal permeability of the drug when incorporated into a self-microemulsifying drug delivery system. The presence of surfactant, ie, Tween 80, was reported to induce membrane perturbation and P-glycoprotein inhibition that enhanced the permeability of sulpiride.[@b52-ijn-9-129]--[@b54-ijn-9-129] It was also suggested that Tween 80 modulates P-glycoprotein efflux by inhibition of protein kinase C activity, causing a reduction in phosphorylation of P-glycoprotein and thereby reducing the transport function of P-glycoprotein.[@b55-ijn-9-129] The results of our study cannot confirm this finding. The effects of this parameter have been neutralized because the control contained the same ratio of Tween 80. However, sodium deoxycholate, added as a cosurfactant, has been reported to have a partial inhibitory effect on P-glycoprotein efflux,[@b56-ijn-9-129] which could be related to the enhanced intestinal permeability of sulpiride-loaded SLN.

The high correlation between the in vitro release data and in situ absorption data can be considered a precision indicator for the experimental methods used. Enhancement of intestinal permeability by SLN has been demonstrated in a number of publications.[@b57-ijn-9-129]--[@b59-ijn-9-129] Incorporation of γ-tocotrienol in SLN was reported to enhance intestinal permeability by three-fold compared with mixed micelles.[@b57-ijn-9-129] Pandita et al[@b59-ijn-9-129] showed that incorporation of paclitaxel in SLN increased drug exposure in plasma by ten-fold when compared with free paclitaxel solution. Another study showed that the apparent bioavailability of all-trans retinoic acid (a poorly soluble drug) was significantly increased when incorporated into SLN compared with a suitable aqueous drug dispersion as control.[@b58-ijn-9-129]

Conclusion
==========

Keeping in mind the aim of this work, ie, to enhance the permeability of sulpiride by incorporation into a SLN formulation, it can be said that F7 is the optimum formulation that combines many positive attributes, including a relatively low particle size and polydispersity index, a high %EE, a high zeta potential, and optimal drug release profile, and is therefore potentially suitable for oral administration. Intestinal permeability assessment showed that incorporating sulpiride into an optimized formulation of SLN resulted in enhanced intestinal permeability of sulpiride. Therefore, SLN may be considered as potential candidates for enhancing the oral absorption of sulpiride. However, further studies are recommended to determine the mechanism of this enhancement and to investigate the bioavailability in the whole animal.
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![Histogram of mean particle sizes for all solid lipid nanoparticle formulations.](ijn-9-129Fig1){#f1-ijn-9-129}

![Histogram of polydispersity index for all solid lipid nanoparticle formulations.](ijn-9-129Fig2){#f2-ijn-9-129}

![Histogram of mean zeta potential for all solid lipid nanoparticle formulations.](ijn-9-129Fig3){#f3-ijn-9-129}

![Differential scanning calorimetric thermograms for sulpiride, Imwitor® 900K, stearic acid, Softisan® 154, Dynasan® 118, and solid lipid nanoparticle formulations (F1--F11).\
**Note:** Imwitor® 900K, Softisan® 154, and Dynasan® 118 all from Sasol Germany GmbH (Witten, Germany).](ijn-9-129Fig4){#f4-ijn-9-129}

![Fourier transform infrared spectra for sulpiride, Imwitor® 900K, stearic acid, Softisan® 154, Dynasan® 118, and solid lipid nanoparticle formulations (F1--F11).\
**Note:** Imwitor® 900K, Softisan® 154, and Dynasan® 118 all from Sasol Germany GmbH (Witten, Germany).](ijn-9-129Fig5){#f5-ijn-9-129}

![Scanning electron micrographs for F2 and F7 solid lipid nanoparticle formulations. (**A** and **B**) fields containing different particle sizes from F2 using 10,000× magnification power, (**C**) a field containing different particle sizes from F7 using 16,000× magnification power, and (**D**) a field containing different particle sizes from F7 using higher magnification power (27,000×).](ijn-9-129Fig6){#f6-ijn-9-129}

![Atomic force microscopic images for the F7 solid lipid nanoparticle formulation on mica. (**A**) Lower magnification, (**B**) intermediate magnification, and (**C**) highest magnification. The blue line represents the topography profile of crossed particles having different sizes.](ijn-9-129Fig7){#f7-ijn-9-129}

![Cumulative percent release of sulpiride from solid lipid nanoparticle formulations against time, depending on type of lipid used (♦=F1, ■=F2, ▲=F3, **X**=F4).](ijn-9-129Fig8){#f8-ijn-9-129}

![Cumulative percent release of sulpiride from solid lipid nanoparticle formulations against time, using a combination of lipids (♦=F5, ■=F6, ▲=F7).](ijn-9-129Fig9){#f9-ijn-9-129}

![Cumulative percent release of sulpiride from solid lipid nanoparticle formulations against time, depending on type of surfactant used (▲=F7, ♦=F8, ■=F9).](ijn-9-129Fig10){#f10-ijn-9-129}

![Cumulative percent release of sulpiride from solid lipid nanoparticle formulations against time, depending on drug to lipid ratio used (▲=F7, ♦=F10, ■=F11).](ijn-9-129Fig11){#f11-ijn-9-129}

![Comparison between apparent permeability of sulpiride from a sulpiride dispersion and from formulation F7 using noneverted and everted sacs. (♦= Control \[noneverted\], ■=control \[everted\], ▲=F7 \[noneverted\], and ■=F7 \[everted\]).](ijn-9-129Fig12){#f12-ijn-9-129}

![Correlation between the in vitro cumulative percentage of solid lipid nanoparticles released and cumulative percentage transported across a noneverted rat intestinal sac for F7 (*R*=0.999).](ijn-9-129Fig13){#f13-ijn-9-129}

![Correlation between the in vitro cumulative percentage of solid lipid nanoparticles released and cumulative percentage transported across an everted rat intestinal sac for F7 (*R*=0.94).](ijn-9-129Fig14){#f14-ijn-9-129}

###### 

Composition for each of the prepared solid lipid nanoparticle formulations

  -------------------------------------------------------------------------------------------------------------------------------------
  Formulation   Drug:lipid ratio   Drug                Lipid                        Surfactant            Cosurfactant
  ------------- ------------------ ------------------- ---------------------------- --------------------- -----------------------------
  F1            1:9                50 mg sulpiride     450 mg Imwitor® 900K         45 mg Tween 80        22.5 mg sodium deoxycholate

  F2            1:9                50 mg sulpiride     450 mg stearic acid          45 mg Tween 80        22.5 mg sodium deoxycholate

  F3            1:9                50 mg sulpiride     450 mg Softisan® 154         45 mg Tween 80        22.5 mg sodium deoxycholate

  F4            1:9                50 mg sulpiride     450 mg Dynasan® 118          45 mg Tween 80        22.5 mg sodium deoxycholate

  F5            1:9                50 mg sulpiride     225 mg Imwitor\              45 mg Tween 80        22.5 mg sodium deoxycholate
                                                       900K+225 mg stearic acid                           

  F6            1:9                50 mg sulpiride     225 mg softisan\             45 mg Tween 80        22.5 mg sodium deoxycholate
                                                       154+225 mg stearic acid                            

  F7            1:9                50 mg sulpiride     225 mg Dynasan\              45 mg Tween 80        22.5 mg sodium deoxycholate
                                                       118+225 mg stearic acid                            

  F8            1:9                50 mg sulpiride     225 mg Dynasan\              45 mg Poloxamer 188   22.5 mg sodium deoxycholate
                                                       118+225 mg stearic acid                            

  F9            1:9                50 mg sulpiride     225 mg Dynasan\              45 mg span 80         22.5 mg sodium deoxycholate
                                                       118+225 mg stearic acid                            

  F10           1:6                71.4 mg sulpiride   214.25 mg Dynasan\           45 mg Tween 80        22.5 mg sodium deoxycholate
                                                       118+214.25 mg stearic acid                         

  F11           1:3                125 mg sulpiride    187.5 mg Dynasan\            45 mg Tween 80        22.5 mg sodium deoxycholate
                                                       118+187.5 mg stearic acid                          
  -------------------------------------------------------------------------------------------------------------------------------------

**Note:** Imwitor® 900K, Softisan® 154, and Dynasan® 118 all from Sasol Germany GmbH (Witten, Germany).

###### 

Mean particle size, zeta potential, percent entrapment efficiency, and percent drug loading measurements for all formulations

  Formulation   Particle size (nm)   Polydispersity index   Zeta potential (mV)   %EE          %DL
  ------------- -------------------- ---------------------- --------------------- ------------ ------------
  F1            241.3±4.1            0.193±0.026            −33.86±13.86          18.01±2.21   1.96±0.24
  F2            166.1±8.2            0.005±0                −25.45±1.05           80.83±0.48   8.24±0.04
  F3            167.1±9.3            0.005±0                −2.21±5.37            28±3.82      3.02±0.39
  F4            147.8±17.7           0.005±0                −2.84±0.29            20.78±0.66   2.26±0.07
  F5            298.8±17.6           0.005±0                −38.35±1.15           72.78±1.36   7.48±0.13
  F6            201.4±17.4           0.005±0.051            −35.91±2.06           82.51±0.23   8.39±0.02
  F7            256.1±20.1           0.005±0.057            −36.81±0.76           90.39±0.29   9.13±0.03
  F8            273.9±3.6            0.005±0.063            −62±12.6              15.41±3.38   1.68±0.36
  F9            241.9±8.8            0.115±0.065            −82.5±12.3            63.81±0.94   6.62±0.09
  F10           222.7±28.7           0.014±0.017            −30.9±12.8            87.83±0.19   12.77±0.02
  F11           220.5±39.2           0.011±0.054            −62.3±11.5            92.78±0.48   23.62±0.09

**Abbreviations:** %EE, percent entrapment efficiency; %DL, percent drug loading.
